The in vivo subcellular localization of Mal de Río Cuarto virus (MRCV, Fijivirus, Reoviridae) non-structural proteins fused to GFP was analyzed by confocal microscopy. P5-1 showed a cytoplasmic vesicular-like distribution that was lost upon deleting its PDZ binding TKF motif, suggesting that P5-1 interacts with cellular PDZ proteins. P5-2 located at the nucleus and its nuclear import was affected by the deletion of its basic C-termini. P7-1 and P7-2 also entered the nucleus and therefore, along with P5-2, could function as regulators of host gene expression. P6 located in the cytoplasm and in perinuclear cloudlike inclusions, was driven to P9-1 viroplasm-like structures and co-localized with P7-2, P10 and a-tubulin, suggesting its involvement in viroplasm formation and viral intracellular movement. Finally, P9-2 was N-glycosylated and located at the plasma membrane in association with filopodia-like protrusions containing actin, suggesting a possible role in virus cell-to-cell movement and spread.
Introduction
Mal de Río Cuarto virus (MRCV) is a member of the Fijivirus genus in the family Reoviridae that causes a severe maize disease in Argentina (Attoui et al., 2011; Lenardó n et al., 1998) . The virus is also able to infect several graminaceous crop species such as wheat (Triticum aestivum), oat (Avena sativa), rye (Secale cereale) and sorghum (Sorghum bicolor) Laguna et al., 2000; Rodriguez Pardina et al., 1998) , and is transmitted in a persistent propagative manner by several species of delphacid planthoppers (Arneodo et al., 2002a; Remes Lenicov et al., 1985) . The mature MRCV virion is an icosahedral double-layered particle of approximately 65 nm in diameter that has short surface spikes (A-and B-spikes) on each of the 12 vertices of the outer layer and core particle (Attoui et al., 2011) . MRCV genome consists of 10 double-stranded RNA (dsRNA) segments (S1-S10). Since S5, S7 and S9 are bicistronic and the rest of the segments are monocistronic, MRCV genome putatively codes for 13 proteins (Disté fano et al., 2002 (Disté fano et al., , 2003 (Disté fano et al., , 2005 Firth and Atkins, 2009; Guzmá n et al., 2007; Mongelli, 2010) . MRCV replication cycle is assumed to be similar to that of other genus of the Reoviridae family: After viral entry to a host cell, the outer capsid is readily lost giving rise to transcriptionally active cores. New viral mRNAs are proposed to be synthesized inside the cores, egress from aqueous channels present at each of the particle vertices and translated in the cytoplasm by the cell machinery. Virus replication and assembly are known to be interdependent processes that occur in large cytoplasmic viral inclusion bodies (VIBs), named viroplasms, which are composed of viral and cellular proteins (Attoui et al., 2011) . The new mature virions accumulate in cytoplasmic crystalline arrays and inside tubular structures of unknown origin. Cytopathic structures caused by Fijivirus infections have been thoroughly described for Maize rough dwarf virus (MRDV) , Rice black streaked dwarf virus (RBSDV) (Isogai et al., 1998) and MRCV (Arneodo et al., 2002b) . The virus cell-to-cell movement is proposed to occur through plasmodesmata in plant cells (Li et al., 2004; Wu et al., 2010) and by virus-induced tubular structures in insect cells (Wei et al., 2006) . Interestingly, as it has been demonstrated for Rotavirus (Pesavento et al., 2006) , the endoplasmic reticulum (ER) might play a role during MRCV, and possibly other fijiviruses, replication cycle (Maroniche et al., 2011) . Sequence analysis of MRCV-encoded proteins, analysis of viral particle purifications and inmunogold labeling led to the identification of viral structural proteins such as a putative RNA-dependent RNA polymerase coded by S1 (P1) (Disté fano et al., 2003) , a major core protein encoded by S3 (P3) (Disté fano et al., 2003 (Disté fano et al., , 2009 ), a hypothetical guanylyltransferase encoded by S4 (P4) (Disté fano et al., 2002; Supyani et al., 2007) , a protein with an ATP/GTP binding motif typical of helicases encoded by S8 (P8) (Disté fano et al., 2002) and a major outer capsid protein encoded by S10 (P10) (Disté fano et al., 2005) . Our preliminary results also suggest that P4 is the B-spike protein (Disté fano, 2004 labile and rapidly lost upon viral particle purification (Milne et al., 1973) and thus their composition have not been unambiguously assigned to any viral protein, they were proposed to be formed by the S2 coded protein P2 (Disté fano, 2004) . Segments S5, S6, S7 and S9 code for putative non-structural proteins (NSPs) P5-1, P5-2, P6, P7-1, P7-2, P9-1 and P9-2, respectively (Disté fano et al., 2003 (Disté fano et al., , 2005 Firth and Atkins, 2009; Guzmá n et al., 2007) . It has been recently demonstrated that MRCV P9-1 is the major matrix viroplasm protein and shares biochemical properties with animal reovirus counterparts (Maroniche et al., 2010) . So far, the roles of the rest of MRCV NSPs remain elusive. Analyzing the subcellular distribution of viral proteins fused to fluorescent proteins or epitope-tagged has proved to be a fast and effective way to reveal their functional features (Berkova et al., 2006; Broering et al., 2005; Martin et al., 2011) . Taking advantage of a novel set of Gatewaycompatible vectors designed for live imaging in insect cells (Maroniche et al., 2011) , we have analyzed the subcellular localization of six MRCV non-structural proteins in Sf9 insect cells and the co-localization of some of them either with each other or/and with cytoskeleton components. The results presented here shed light over their putative functions.
Results

Subcellular localization of MRCV NSPs in Sf9 cells
To define the subcellular localization of MRCV NSPs in insect cells, amino and carboxi-terminal GFP fusion proteins of P5-1, P5-2, P6, P7-1, P7-2 and P9-2 were expressed in Spodoptera frugiperda Sf9 cells and in vivo subcellular localization of all fusion proteins was analyzed by confocal microscopy.
MRCV P5-1 is a 106.9 kDa protein (Disté fano et al., 2005 ) that has two predicted transmembrane domains at aa 178-195 and 200-222 and a TKF motif present at its C-terminal end (Mongelli, 2010) . This motif has been described as a class I PDZ-interacting domain (Harris and Lim, 2001) . As shown in Fig. 1(A) , GFP:P5-1 displayed an heterogeneous vesicular-like cytoplasmic distribution that did not co-localize with peroxisomes. However, P5-1:GFP was homogeneously distributed in the cytoplasm ( Fig. 1(B) ). Remarkably, when the putative C-terminal PDZ-interacting domain was removed, the mutant P5-1 protein fluorescent fusion (GFP:P5-1DTKF) distributed homogenously in the cytoplasm ( Fig. 1(C) ) indicating that the TKF motif may be necessary for the vesicular-like distribution of GFP:P5-1.
MRCV P5-2 is a 28.9 kDa protein with a predicted coiled-coil motif between aa 127 and 155 (Mongelli, 2010) . Upon expression in Sf9 cells, GFP:P5-2 was exclusively located in the nucleus ( Fig. 1(D) ), whereas P5-2:GFP was found in both nucleus and cytoplasm ( Fig. 1(E) ). Since P5-2 has a C-terminal region rich in basic aa that might be involved in nuclear import (Kosugi et al., 2009 ), we constructed a truncated version of P5-2 lacking the last 36 aa, named GFP:P5-2DC. Such mutant's distribution was both nuclear and cytoplasmic ( Fig. 1(F) ), suggesting that P5-2 nuclear allocation is affected, but not impaired, by the lack of the deleted basic residues.
MRCV P6 is a 90 kDa protein (Disté fano et al., 2003) with an extensive predicted coiled-coil motif between aa 560 and 619 (Mongelli, 2010) . When fluorescent fusions of P6 were expressed in Sf9 cells, GFP:P6 accumulated in one or two big cloud-like perinuclear inclusions that did not co-localize with the endoplasmic reticulum ( Fig. 1(G) ) or the Golgi network ( Fig. 1(H) ), whereas P6:GFP accumulated in the cytoplasm ( Fig. 1(I) ). P6 distribution was also studied by immunofluorescence using a C-terminal epitope-tagged recombinant protein (P6:V5/His). In accordance with our previous findings, P6:V5/His distributed in the cytoplasm of morphologically altered cells (i.e., irregular cytoplasm and lobulated nucleus), which were clearly different from cells expressing the cytoplasmic protein LacZ:V5 ( Fig.1(J) ).
MRCV P7-1 is a 41.5 kDa protein (Guzmá n et al., 2007) with two predicted transmembrane domains between aa 234-251 and 286-303 (Mongelli, 2010) . Both GFP:P7-1 and P7-1:GFP displayed a nucleo-cytoplasmic distribution ( Fig. 2(A) and (B)). Since free GFP displays this same distribution ( Fig. 2(E) ), Western blot analysis on protein extracts of Sf9 cells expressing GFP:P7-1 and P7-1:GFP were performed. The expected bands for both fusion proteins were detected in the absence of free GFP (Supp. Fig. 2(A) ), thus confirming that the nucleo-cytoplasmic distribution of P7-1 fusions was not due to the presence of free GFP. When further analyzing MRCV P7-1 subcellular localization by fusion to a C-terminal V5/His tag followed by immunofluorescence, the same distribution was observed (Supp. Fig. 2(B) ).
MRCV P7-2 is a 36.8 kDa protein (Guzmá n et al., 2007) . GFP:P7-2 and P7-2:GFP were distributed into the cytoplasm (Fig. 2 (C) and (D)) and in a few cases were also located in the nucleus (Fig. 2(D) ). Both fluorescent fusions displayed low expression levels since only a few fluorescent cells were observed upon transfection with the corresponding plasmids.
MRCV P9-2 is a 20.5 kDa protein (Guzmá n et al., 2007) with two predicted transmembrane domains at aa 49-68 and 81-105 (Mongelli, 2010) . GFP:P9-2 was located at the plasma membrane ( Fig. 2(F) ), in association with filopodia-like protrusions that conferred an overall ''hairy'' phenotype to the expressing cells ( Fig. 2(I) ). These protrusions sometimes appeared connecting neighboring cells ( Fig. 2(J) ). By contrast, P9-2:GFP was not able to reach the plasma membrane and displayed partial co-localization with markers of the Golgi apparatus and the secretory pathway ( Fig. 2(G) and (H)). Interestingly, P9-2 fluorescent fusions expressed in Sf9 cells and analyzed by Western blot displayed two additional bands of higher apparent molecular weights that suggested the existence of post-translational modifications ( Fig. 2(K) ). Because protein glycosylation can give rise to similar patterns of molecular weight shifts (Seo and Lee, 2004) , we further analyzed if P9-2 fusions were glycosylated. As displayed in Fig. 2 (K), PNGase treatment resulted in the loss of the lower migrating band in behalf of the intermediate migrating band which was unaltered by the treatment. Thus, our results indicate that P9-2 is N-glycosylated in insect cells. An additional in silico analysis of the MRCV P9-2 sequence by the NetNGlyc 1.0 (http://www.cbs.dtu. dk/services/NetNGlyc/) and EnsembleGly (http://turing.cs.iastate. edu/EnsembleGly/) servers detected two possible N-glycosylation sites at aa positions 161 and 204, the first of them being more likely to be glycosylated according to NetNGlyc.
Co-localization of MRCV NSPs with cytoskeleton components
Since there are numerous examples of virus hijacking the cytoskeleton to move within the cell (Harries et al., 2010; Lehmann et al., 2005; Leopold and Pfister, 2006) , we analyzed whether MRCV NSPs co-localized with tubulin and actin and therefore which NSPs might be involved in this process. The Spodoptera frugiperda a-tubulin and actin genes were isolated and used to obtain fluorescent fusions that were expressed in Sf9 cells.
All a-tubulin fluorescent fusions showed cytoplasmic distributions (data not shown). A partial co-localization was observed when MRCV P6 fluorescent fusions and the a-tubulin marker were co-expressed ( Fig. 3(A) and (B) ). Moreover, part of the tubulin was delocalized to the cytoplasmic region where GPF:P6 accumulated ( Fig. 3(A) ), suggesting a possible interaction between these two proteins. Since the cytoskeleton of tubulin usually provides the scaffolding for intercellular movement of viruses, we next analyzed if MRCV P6 and the a-tubulin marker were also able to co-localize with the MRCV outer capsid protein P10. It was observed that, when co-expressed, the three proteins completely co-localized in a big and irregular perinuclear structure ( Fig. 3(C) ). This same subcellular distribution was detected by co-localization of MRCV P10 with a-tubulin in the absence of MRCV P6 (Pearson coefficient¼0.93) ( Fig. 3(D) ) and by co-localization of MRCV P10 and P6 (Pearson coefficient¼0.96) ( Fig. 3(E) ). Taken together, these results suggest that MRCV P6 and P10 might be able to associate with each other and/or with the cellular microtubules.
On the other hand, it is well established that extending actin bundles are an important component of animal cells filopodia (Mattila and Lappalainen, 2008) . Accordingly, we noticed that the filopodia-like structures observed in GFP:P9-2 expressing cells partially co-localized with the actin marker ( Fig. 3(F) ). This result indicates that the filopodia-like structures where MRCV P9-2 is located are actin-based, establishing a possible association of P9-2 with the actin cytoskeleton.
Co-localization of MRCV NSPs
Our group has recently shown that MRCV P9-1 is the major matrix viroplasm protein (Maroniche et al., 2010) . Since viroplasms are usually composed of other viral and cellular proteins, we carried out a series of co-localization analysis to identify other putative viroplasm components. In the presence of MRCV P9-1 with a free C-terminal end, MRCV P6 was driven to the VIB-like bodies formed by MRCV P9-1 ( Fig. 4(A) ). However, when the C-terminal end of MRCV P9-1 was blocked by the fluorescent fusion, MRCV P6 remained free in the cytoplasm (Fig. 4(B) ). In addition, MRCV P6 was as well able to co-localize with MRCV P7-2 ( Fig. 4(C) ). Altogether, our results suggest that MRCV P6 may be part of functional viroplasms during infection and that it might recruit MRCV P7-2 to these structures.
Discussion
The functional roles of Fijivirus NSPs have been relatively poorly studied when compared to Phytoreovirus such as Rice dwarf virus (RDV) and Rice gall dwarf virus (RGDV) NSPs. This is partially due to the lack of planthopper tissue-culture cell lines permissive to fijivirus infection. In this context, transient expression of fluorescent proteins in non-host insect cells stands as a suitable means to study Fijivirus protein functions. Our group has recently developed a novel set of Gateway-compatible vectors for live imaging in lepidopteran insect cells (Maroniche et al., 2011) . To shed light on the putative functions of MRCV NSPs, we have analyzed their subcellular distribution in Sf9 cells and determined whether there was co-localization, either with each other or/and with cytoskeleton components. It has been stressed out that when fluorescent fusions are used to study the subcellular localization of a protein for which only minimal information is available, it is important to analyze both N and C-terminal fusion proteins to maximize the likelihood of giving rise to functional and properly targeted quimeric proteins (Müller-Taubenberger, 2006) . Consequently, we decided to construct fluorescent fusions of MRCV NSPs by placing GFP on either the N or C-termini. This strategy proved to be appropriate and led us to detect possible interaction or targeting domains in the termini of some of the studied MRCV proteins (see below).
Virus infection causes profound changes in the expression of host genes. For example, thousands of genes are differentially expressed upon plant reovirus infection Li et al., 2011; Satoh et al., 2011; Supyani et al., 2007) . These changes could be caused by a direct effect of specific viral proteins entering the nucleus and participating in the transcriptional regulation of host genes. RBSDV minor core protein P8 is the only Fijivirus protein that has been so far described as able to enter the nucleus and repress transcription (Liu et al., 2007) . In this work, we have observed that three MRCV NSPs (P5-2, P7-1 and P7-2) located at the cell nucleus of S9 cells, even when lacking detectable nuclear localization sequences (Mongelli, 2010) . MRCV P5-2 entered and remained exclusively in the nucleus when expressed as an N-terminal GFP fusion. Nuclear localization was affected when GFP blocked the C-terminal end and also when 36 aa of the C-terminal end were deleted, suggesting that the C-terminal tail, rich in basic residues, is in part responsible for the protein nuclear localization. Secondly, MRCV P7-1 showed a nucleo-cytoplasmic localization when fused to GFP or to a V5 C-terminal epitope. Since MRCV P7-1 fusion to GFP resulted in a 71.2 kDa protein (a size that exceeds the size-exclusion limit of the nuclear pore complexes) (Hoelz et al., 2011) , it might be actively transported to the cell nucleus. Finally, MRCV P7-2 distribution was predominately cytoplasmic, but in some cases it was able to enter the nucleus. Although the reason for this dual localization is unknown, it is interesting to note that MRCV P7-2 is able to act as a strong transcriptional activator in a Yeast Two Hybrid system (Llauger et al., unpublished results). Therefore, MRCV P5-2, P7-1 and P7-2 nuclear localization might underlie a role in direct or indirect transcriptional regulation of host genes. It is interesting to point out that most transcription factors bind DNA in a dimeric state and MRCV P5-2 has a predicted coiled-coil motif between aa positions 127 and 155 (Mongelli, 2010 ) that could mediate dimerization.
Reovirus genome replication and the first steps of virus morphogenesis take place in VIBs or viroplasms which are highly dynamic structures that are readily formed after viral entry to the host cell (Attoui et al., 2011) . We have recently proposed that MRCV P9-1 is the viroplasm matrix protein on account of its ability to self-associate giving rise to viral inclusion bodies resembling viroplasms when expressed in insect cells and, in addition, it shares other biochemical properties with animal reoviruses viroplasm proteins (Maroniche et al., 2010) . However, the rest of MRCV viroplasm components remained to be identified. MRCV P6 is the most variable MRCV-encoded protein showing a 44.8% identity with its closest counterpart RBSDV P6 (Disté fano et al., 2003) . This relatively low identity is mainly due to a highly variable coiled-coil domain located between aa residues 560 and 619. MRCV P6 fusion to GFP or to a V5 epitope by its C-terminal end resulted in a cytoplasmic distribution. By contrast, when its C-terminal end was free, MRCV P6 accumulated in one or two big cloud-like perinuclear structures. Importantly, the fact that MRCV P6 was recruited to the VIB-like cytoplasmic structures formed by MRCV P9-1 suggests that this protein is playing a role at the viroplasms. Recent studies have demonstrated that RBSDV P6 gives rise to viroplasm-like inclusions in plant cells and that it is able to recruit the viroplasm associated protein RBSDV P9-1 to these structures . These somehow conflicting results may reflect differences in the mechanisms involved in the process of viroplasm nucleation in plant and insect Fijivirus hosts, but further work will be necessary to support this hypothesis. In addition, MRCV P6 was also able to delocalize MRCV P7-2 and to completely co-localize with MRCV P10, supporting the hypothesis that MRCV P6 might be able to and Orthoreovirus mNS non-structural major viroplasm proteins (Contin et al., 2010; Miller et al., 2010) .
When analyzing MRCV P5-1 in vivo subcellular localization, we observed that GFP:P5-1 was distributed in vesicle-like structures and that did not co-localize with a peroxisomal marker. Moreover, we proved this distribution to be dependent on a MRCV P5-1 C-terminal TKF motif. Since this signal is a putative type I PDZ domain-binding motif (PBM) , it is possible that the distribution pattern of P5-1 is due to an interaction with cellular PDZ proteins. Indeed, several animal pathogenic viruses encode PBMs that mediate interactions with a select group of cellular PDZ proteins involved in intracellular signaling and cellular polarization processes (Brone and Eggermont, 2005) . Furthermore they were found to be required to enhance viral replication and dissemination in the host (Javier and Rice, 2011) . For the insect vector to become infective, plant reoviruses must first replicate in epithelial cells of the alimentary canal, then spread to the rest of the body and finally reach the salivary glands. For example, the phytoreovirus RDV accumulates first in the leafhopper's filter chamber and anterior midgut epithelia and subsequently spreads to the nervous system and other tissues . The regulation of viral intracellular transport in polarized cells, such as midgut epithelial cells, might be thus vital for MRCV infection. Further work is necessary to find out if MRCV P5-1 is able to interact with PDZ proteins and, if so, the biological meaning of such interactions in MRCV replication cycle should also be analyzed. MRCV S5 putatively codes for two proteins since it contains a big 5 ORF that codes for MRCV P5-1 (Disté fano et al., 2005) and an initially unnoticed overlapping 3 ORF that codes for MRCV P5-2 (Firth and Atkins, 2009 ). The second ORF could be expressed by several mechanisms including shunting, reinitiation or IRES activity (Firth and Atkins, 2009 ).
Alternatively, ORF 5-2 could be translated by a þ1 frameshifting from ORF5-1. If this was the case, the fusion P5-1/P5-2 product would be devoid of the putative PBM and therefore have a different localization and function than MRCV P5-1.
Fijivirus intra-cellular movement during infection of both plant and insect hosts has received little attention. Pioneering excellent electron microscopy work has established that, during Fijivirus replication cycle, the newly assembled mature virions locate at the surroundings of viroplams, from where they are assumed to move towards the cell periphery (Favali et al., 1974) . Our work showed that the MRCV major outer capsid protein P10 co-localizes with tubulin and MRCV P6. This not only indicates that the microtubule network may participate in MRCV intracellular movement as has been demonstrated for RGDV (Phytoreovirus, Reoviridae) (Wei et al., 2009 ), but also suggests that MRCV P6 might intervene in the movement of mature virus particles from the viroplams to the cell periphery.
Tubular inclusions formed during plant reovirus replication have long been detected in ultrathin sections of infected plant and insect cells by electron microscopy (Conti and Lovisolo, 1971; Fukushi et al., 1962; Giannotti and Milne, 1977; Shikata and Kitagawa, 1977) . For members of the Phytoreovirus genus, the use of cultured insect vector cells has allowed the study of the viral spread showing that RDV intercellular movement is dependent on the virus-induced tubular structures composed of Pns10 that move along actin-based filopodia into adjacent cells (Wei et al., 2006) . By contrast, very little is known on Fijivirus spread. In RBSDV-infected insect and plant cells, tubular structures were shown to react with antibodies raised against RBSDV P7-1 (Isogai et al., 1998) . In accordance with this, the homologous SRBSDV P7-1 fused to an 8 aa tag in its C-terminus is able to self-interact and form tubular structures when expressed from a recombinant baculovirus in Sf9 cells (Liu et al., 2011) . Somehow surprisingly, we did not observe MRCV P7-1 clearly forming this kind of structures in Sf9 cells when fused to a C-terminus short epitope or to GFP, even when tubules have been found in MRCV-infected wheat (but interestingly not in maize) cells (Arneodo et al., 2002b) . While the different properties reported for P7-1 may reflect real differences between MRCV and RBSDV (both P7-1 proteins are 61.3% identical), they might also be a consequence of the expression systems used in each case (transfection with a MRCV P7-1 expression plasmid vs. SRBSDV P7-1 expressed by a recombinant baculovirus).
Finally, our results revealed that MRCV P9-2 is located at the plasma membrane of Sf9 cells, a distribution that required a free C-terminal end. Since a GFP fusion to the N-terminal end of MRCV P9-2 did not interfere with its targeting to the secretion pathway, its trafficking might not involve the canonical mechanism that requires an N-terminal signal peptide (Zimmermann et al., 2011) . We next demonstrated that MRCV P9-2 is N-glycosylated and that it may undergo a second post-translational modification yet to be identified. Overall, the features of MRCV P9-2 (178 aa) described here resemble those of Orbivirus NS3 and Rotavirus NSP4, which are both relatively small (229 and 175 aa, respectively) nonstructural integral membrane glycoproteins that play important roles in virus entry, morphogenesis and release (Estes and Kapikian, 2007; Roy and Noad, 2006) . These resemblances support a possible role of MRCV P9-2 in viral transport across plasma membrane and/or morphogenesis. Interestingly, MRCV P9-2 was observed in association with superficial filopodia-like formations that contained actin and sometimes connected neighboring cells. Extending actin bundles are an important component of filopodia in animal cells (Mattila and Lappalainen, 2008) and various viruses undergo rapid actin-and myosin-driven transport to cell entry sites (Lehmann et al., 2005) . Whether MRCV P9-2 is able to bind actin filaments and whether this association is important for P9-2 proposed role in viral movement and spread are open questions that remain to be addressed.
This study represents the first step towards understanding the role of MRCV non-structural proteins throughout the viral replication cycle. Future efforts on a more profound characterization of each MRCV protein will improve our understanding of the pathosystem. In addition, since it has been shown that silencing of several plant reovirus genes with different roles during viral infection in transgenic host plants is not equally effective in conferring tolerance to the related disease , our results might have practical consequences in the development of effective antiviral RNAi strategies.
Materials and methods
Plasmid construction
Based on a collection of pCR8/GW/TOPO (Invitrogen, USA) entry vectors containing MRCV NSPs coding sequences with or without their initiation or stop codon (Mongelli, 2010) and a set of Gateway destination vectors for live imaging in insect cells that we have recently developed (Maroniche et al., 2011) , amino and carboxi-terminal GFP fusion proteins were obtained for all MRCV NSPs using the LR Clonase II enzyme mix (Invitrogen, USA) according to the manufacturer's protocol. Similarly, V5/His-tagged versions of MRCV P6 and P7-1 were constructed by recombination of the proper entry vectors and the pIB/V5-His-DEST destination vector (Invitrogen, USA). All MRCV expression vectors used in this work are schematized in Supplementary Fig. 1 . As controls, free GFP was expressed using a pIB-V5/His derivative that contains the GFP coding region from pEGFP-1 (Clontech, Japan) and V5/Histagged b-glucuronidase was expressed using pIB/V5-His-GW/lacZ plasmid (Invitrogen, USA).
Cell organelles were tracked using a collection of fluorescent markers that were developed and validated in a previous work (Maroniche et al., 2011) . mCherry-based fluorescent fusions were used for nucleus, Golgi network, peroxisomes, plasma membrane, ER and actin, while a CFP fusion was used for the secretion pathway marker. To construct a tubulin fluorescent marker, the S. frugiperda a-tubulin gene was isolated by RT-PCR from Sf9 total RNA using primers Sf9aTub Forw s/atg (CGTGAGTGCATCTCAG-TAC) and Sf9aTub Rev (TTAGTATTCCTCTGCTCC), cloned into pCR8/GW/TOPO (Invitrogen, USA) and automatically sequenced (GenBank accession: HQ008728). The resulting plasmid was used for recombination with pIB-RW (Maroniche et al., 2011) to obtain a N-terminal fluorescent fusion to mCherry.
Cell culture and transfection
Spodoptera frugiperda Sf9 (IPLBSF21-AE clonal isolate 9) cells were seeded into 35 mm Glass Bottom Culture Dishes (MatTek Corporation, Ashland, MA, USA) using Sf900II Serum free media medium (Invitrogen, USA) supplemented with 2% fetal bovine serum (Invitrogen, USA), and incubated at 27 1C until 60-70% confluence. Cells were then transfected with 1 mg of each plasmid using Cellfectin II transfection reagent (Invitrogen, USA) according to the manufacturer's instructions, and incubated at 27 1C until used.
Fluorescence live imaging
At 48-72 h post-transfection, the culture medium was replaced with phosphate buffered saline pH 6.2 and transfected cells were used for fluorescence imaging in a Leica TCS-SP5 (Leica Microsystems GmbH, Wetzlar, Germany) spectral laser confocal microscope using a 63x objective (HCX PL APO CS 63.0 Â 1.20 WATER UV). The 458, 488 and 514 nm lines of the Argon laser were used for CFP, GFP and YFP excitation, respectively, and the 543 nm line from the HeNe laser was employed for mCherry excitation. Scanning was performed in sequential mode to minimize signal bleed-through, and fluorescence emission was detected with the following channel settings: 465-505 nm for CFP, 498-540 nm for GFP, 525-600 nm for YFP and 610-670 nm for mCherry. The microscope power settings, detectors gain and scanning speed were adjusted to optimize contrast and resolution for each individual image. The images collected in stacks were 3D-deconvoluted using the AutoQuant X2 software (Media Cybernetics Inc., USA). Co-localizations were analyzed by calculating the Pearson's correlation coefficient with the co-localization module of the Leica LAS AF software.
Protein analysis and Immunodetection
Total proteins of Sf9 cells grown in each well of a 6-well plate were extracted using 50 ml of cell lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP40, 0.1% Triton N-X100). The resulting lysates were centrifuged 5 min at maximum speed in a refrigerated microcentrifuge to pellet the nuclei and cell debris, and the supernatant containing the protein samples were subjected to SDS-PAGE and subsequent Western blot experiments. To detect the fluorescent fusions or the V5-tagged proteins, a rabbit anti-GFP polyclonal antibody and a mouse anti-V5 monoclonal antibody were used, respectively, according to the manufacturer's protocol (Invitrogen, USA). Protein immunofluorescence assays were carried out using a mouse anti-V5 monoclonal antibody conjugated to FITC (Maroniche et al., 2010) .
The MRCV P9-2 glycosylation assay was performed using Peptide N-Glycosidase F (PNGase F, NEB, Germany), according to the manufacturers protocol.
